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ABSTRACT

Well defined spherical particles of ¥ - Fe;O; have been synthesized in the pores of a polymer
matrix in the form of beads by an ion exchange and precipitation reaction. The particle size
distribution is a gaussian with an average diameter of 80 A. The DC magnetic susceptibility and
the magnetization of the nanocomposite has been measured between 4 and 300 K using a
Faraday balance and a magnetometer, respectively. The magnetic measurements demonstrate
that the particles are superparamagnetic with a blocking temperature T, about 55 K. The optical
absorption edge of the mesoscopic system is red shifted with respect to single crystal films of 7-
Fe;0; with an absorption tail extended deeply in the gap. Although lattice distortion and
existence of excitonic states in the gap can explain the absorption behavior, the red shift can

successfully be explained by the quantum confinement of an electron-hole pair in a spherical
well.

INTRODUCTION

Nanophases and nanocomposite materials have been the subject of numerous studies’®,
because of their interesting physical pmgerties and their potential use to diverse applications
such as high density magnetic recording’, magnetic refrigeration®, ferrofluids’ and color
imagingm. This activity has been triggered by the realization that the physical and chemical
properties of nanophase materials are usually dramatically different from those of the bulk
counterparts and that nanophase materials often exhibit novel or crossover phenomena. Asa
result of their small size the properties of nanoparticles are intermediate to those of molecules
and bulk solids. The magnetic and optical properties of small particles are modified by the
particle size effects. Below a certain critical size, magnetic particles become single domain as
opposed to multidomain in the bulk''. Furthermore, magnetic nanoparticles exhibit unique
phenomena such as sn.zperparamagnetisrz;ig’E3 , quantum tunneling of magneiizatieﬁ'4"6 and
occasionally possess unusually high coercivities. Another well known particle size effect is the
blue shift of the optical absorption edge in semiconductor nan{)pa;%iﬂles”, due to the molecular
character of the wave function of the particles. Novel magnetic and optical properties have been
sought by forming nanocomposites of nanoscale magnetic particles in a nonmagnetic matrix in
the form of polymer beads"™"”. The interplay of particle size and properties is reported here.

EXPERIMENTAL

Nanometer-scale iron oxide magnetic particles were synthesized in the porous network of
a cross-linked polymer matrix by ion exchange reaction and subsequent hydr()}ysism. The
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polymer matrix is a strongly acidic, cation exchange, resin containing sulfonate functional
groups. It consists of sulfonated polystyrene, cross linked with divinylbenzene to form a three
dimensional, porous network. We used 50X8-200 resin, marketed under the name Dowex,
which is composed of an 8% cross-linked matrix, thus providing a cation exchange capacity of
5.2 meqg/g. The polymer was in the form of uniform spherical beads with an approximate
diameter of 150 #m . The beads were exposed to an aqueous solution of FeCly, for an hour, and
subsequently washed in sodium hydroxide solution for varying times. Finally the beads were
washed with deionized water and methanol and dried to 60 degrees.

Energy dispersive X-ray powder diffraction (EDXD) patterns were obtained using
synchrotron radiation at the Cornell High Energy Synchrotron Source (CHESS). The data were
collected using a solid germanium detector. The particle size and shape of the iron oxide was
determined by transmission electron microscopy (TEM) on microtomed samples. The particle
size distribution was determined from the TEM images using a graphic particle size analyzer.
The DC magnetic susceptibility of the samples was measured between 4.2 and 300 K by the
Faraday balance method, at magnetic field strengths ranging from 2 to 10 kG.

Magnetization measurements were performed using a vibrating sample magnetometer
with a helium flow cryostat'®, as well as a Squid magnetometer. The zero field cooled
measurements were taken by inserting the sample in the cryostat at zero magnetic field and
letting the temperature stabilize at 10 K. A magnetic field of 200 G was applied and the
magnetization was measured while increasing the temperature. The ficld cooled mcasurements
were taken by taking the sample out of the cryostat warming it at room temperature and
subsequently, inserting it in the cryostat with a magnetic field of 200 G applied and cooled to 10
K. The magnetization measurements were taken by gradually increasing the temperature.

Optical transmission measurements were performed on a single 7 - Fe,Os/polymer
composite bead using light from a 100 W quartz tungsten-halogen lamp. A single crystal of
sapphire was used for mounting the beads. The light from the lamp was monochromated and
focused onto a 20 4m spot on the sample. The transmitted light was collected and refocused

onto the detector by a sapphirc lens. A GaAs photomultiplicr tube was used as a detector. A
normalized spectrum was taken through the pristine polymer bead'’.

RESULTS AND DISCUSSION

Energy dispersive X-ray scattering identified the oxide phase as 7 - Fe;O3; (maghemite).
The diffraction peaks (Fig.1) were superimposed on a broad background from the amorphous
polymer. The pattern was indexed for a cubic phase corresponding to the spinel structure
O, — Fd3m Tt could also be indexed for the tetragonal phase P4, —C; . The lattice parameters

obtained for the tetragonal phase are a=8.25 A’ (8.34 A) and ¢=25.48 A’ (25.02 A). The values
in the parenthesis are the lattice parameters reported in the literature. The pristine beads were X-
ray amorphous. Electron diffraction patterns demonstrated the crystalline naturc of the particles.
Transmition electron micrographs in conjunction with a particle sizc analyzer detcrmined the
particle size distribution to be gaussian with a particle mean radius of 42.5 A" and a standard
deviation of 10 A”, Magnetization measurements as function of magnetic ficld demonstrate that
the composite is superparamagnetic between room temperature and 50 K (Fig.2,3). Below 50 K
an hysteresis loop appcars. The magnetic susceptibility of the nanocomposite depends upon the
particle size and the strength of the magnetic field. It increases with decreasing temperature and
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Fig.1. Energy dispersive X-ray pattern of 7 - Fe;0; in a polymer matrix. The indexing
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Fig.2. The H/T superposition of all magnetization data for temperatures T greater than the

blocking temperature T, demonstrating superparamagnetic behavior
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Fig. 3. Magnetization versus applied magnetic field for field cooled loop at 10 K

saturates at low temperatures. The magnitude of the susceptibility is reduced with increasing
magnetic field, while the temperature dependance is unaltered'?,

The optical absorption (Fig.4) appears to be red shifted by 0.2 eV in relation to the
energy gap of a crystalline film of ¥ - Fe;O; on MgO ® The optical absorption tail penetrates
deeply in the energy gap, suggesting the existence of localized energy states in the gap or
indirect transitions. The localized states may be due to disorder, impurities, surface states or
excitonic states. For a direct allowed optical transition from the valence band to the conduction
band the absorption is given by the equation @ = C(E,, — E,)""* where E,,is the photon energy
and E, is the direct encrgy gap. For indircct transitions, when direct transitions arc allowed, the
absorption of a photon is accompanied by the absorption or emission of a phonon. The

absorption is given by the following equation

a=C,(Ep —hV,, ~E,)’ +C_(Ep, +hvy, — E,)? where hV,, is the phonon energy and Vs,
and # are the phonon frequency and the Planck's constant respectively. If we plot the square of
the absorption versus photon energy we find the direct energy gap to be £, =2.02eV By
plotting the square root of the absorption tail penetrating the gap below 2.02 eV we can find the
indirect energy gap £, =1.64¢eV and the involved phonon energy E;, =0.04¢eV  The
involved phonon's frequency is Ve, =9.8 THz

The red shift of the optical absorption can successfully be explained by the quantum size
effects of an electron-hole pair confined in a semiconductor nanoparticle®' >, The encrgy gap
E, of a particle of radius R is determined by the following equation:

2.2 52 A 2 2
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Fig.4. Optical absorption of 80 A° diameter particle size of ¥-Fe,0; nanocrystals

where E: is the bulk energy gap, £ is the dielectric constant of the material and

.
m,m,

- * )
m, +nm,

is the reduced mass of the electron-hole pair. m, and m;, are the effective masses of electron and

. 1e'm, . ) o
hole, respectively. |E,| = S 13.6¢V is the hydrogen first excitation energy and
ﬁZ
G= 7 == 0.5294 is the hydrogen Bohr radius. The effective mass of a carrierin a

semiconductor material is a fraction of the free electron mass 72, , i.e. # =&n,  If we take
£=02 which is a typical value for semiconductors and € = 2.67 the dielectric constant of the
material taken from dielectric data, the red shift for a particle of the composite of average radius
R=425A is AE, =0.2¢V  The red shift varies between 0.1 and 0.2 eV by varying the values
of &,£ up to 20%. For a composite of particle size distribution the success of the equation (1) to
give the red shift dependence upon the particle size is impressive. An alternative explanation to
the red shift has been attributed to the compression of the material due to the surface tension.
The excess gresstﬁﬁ increases with decreasing size of the nanoparticle causing reduction of the
energy gap' .

The magnetic properties of the nanocomposite can be explaimdgg in terms of Neel's™

305




theory of superparamagnetism and its generalization by Brown®, According this theory, single

magnetic domain particles of volume V are characterized by a blocking tempcrature
Ty=KV/25kz. Above this temperature the particles are superparamagnetic and their magnetic
moments can rotate uninhibited. Below the blocking temperature the magnetic moments of the
particles are frozen out. Because of the particle size distribution the composite will have an
average particle volume corresponding to a blocking temperature, below which the system
shows magnetic hysteresis. In our system this temperature is around 55 K.
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